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intestinal epithelium during obesity in both humans and rodents (6, 12, 46) , and it has been hypothesized that decreased barrier function leads to passage of microbial components, such as lipopolysaccharide (LPS), which drives systemic inflammation (5) . However, the precise defects in gut barrier function and the possible role played in the development of obesity remain unclear. Measurement of intestinal permeability in vivo has been useful to show impaired intestinal permeability (12, 46) , yet these approaches do not identify the site of the defect. The only study using an ex vivo intestinal permeability test to compare different sections of the gut was performed once obesity was established (43) , not during development of the obese phenotype. Tight junction gene expression and protein localization (6) provide important but limited data on how passage of small molecules occurs between cells, the paracellular pathway, may be altered. In addition, other routes of transepithelial passage have been described (32, 40) .
An early response to ingestion of high-fat, high-calorie (HF) diets in rodents is a decrease in the ability of intestinal satiety factors, such as cholecystokinin, to inhibit food intake (9, 35) . There is evidence that this is due to desensitization of vagal afferent neurons to intestinal satiety factors and leads to hyperphagia and eventual increases in body weight. However, the pathway leading to these changes in the phenotype of vagal afferent neurons is not known, but given the anatomical localization of the terminals of vagal afferent neurons close to the intestinal epithelium, it is likely to depend on changes at the level of the gut. The contribution of altered paracellular vs. transcellular pathway, together with changes in the gut microbiota, in different intestinal regions to the altered vagal afferent nerve function and the obese phenotype is unknown but represents a barrier to our understanding of the role of the gut in the onset of the obese phenotype.
A potential role of the intestinal microbiota to influence body weight was provided by evidence that germ-free mice are resistant to the obesogenic effects of a HF diet (2) . Transfer of the microbiota from either lean or obese mice to germ-free mice results in recapitulation of the donor phenotype (49) , suggesting that body weight is influenced by the gut microbiota. Obese humans and obese animal models house an altered gut microbiota compared with lean individuals (24); changes at the phylum level are comparable between studies (25) . The altered microbiota in obesity has been primarily defined in rodent obese-prone genetic models, or in rodent models of HF diet-induced obesity, once increased body weight gain, adiposity, and metabolic disorders are well established (47) . However, there is evidence that the effect of diet on the gut microbiota can be rapid and dynamic (11) . A thorough investigation of how gut barrier function and microbiota are altered within different regions of the intestine in response to ingestion of a HF diet will aid in determination of the mechanisms that impair gut-brain signaling in diet-induced obesity (20) .
The overarching aim of this study was to determine the early changes in the gut microbiota and gut physiology that occur in response to ingestion of a HF diet. We determined the relationship between microbial dysbiosis and impairment of intestinal barrier function in the small and large intestine with the obese phenotype in diet-induced obesity in rats. The results show that a HF diet induces pathophysiological changes in gut epithelium and the microbiota, some of which occur early and are transient, and others that are sustained. This study provides the basis for further mechanistic and interventional studies to prevent or reverse the obese phenotype.
MATERIALS AND METHODS
Animals. Animals were maintained and handled in accordance with protocols approved by the Institutional Animal Care and Use Committee (University of California, Davis). Male Wistar rats (9 -10 wk old; 351.2 Ϯ 2.2 g; n ϭ 36; Harlan, San Diego, CA) were fed a HF diet (Research Diets D12451; 45% fat, 20% protein; 4.37 kcal/g) for a total of 1, 3, or 6 wk (n ϭ 6 per group) after 3 wk of acclimation to the animal facility and were compared with age-and body weightmatched rats fed ab libitum chow (Purina Lab Diet 5001 rodent diet; 13% fat, 23% protein; 3.36 kcal/g). All animals were housed individually at 22°C with a 12:12-h light-dark cycle. Body weight and food intake were measured weekly. Rats were euthanized after an overnight fast of 12 h (ab libitum water) and a 2-h refeed, using deep anesthesia induced with isoflurane and cardiac puncture.
Plasma and tissue collection. Blood was collected via cardiac puncture in heparinized tubes. Plasma was obtained after centrifugation (4°C; 10,000 rpm, 10 min) and frozen at Ϫ20°C. Cecum weight and colon length were recorded. Luminal contents were removed from the ileum and cecum and flash frozen in liquid nitrogen. Segments of jejunum, ileum, cecum, and proximal colon were collected and stored in low glucose DMEM for Ussing chambers. Sections of the ileum and cecum were fixed in 4% paraformaldehyde for 2 h and kept in 25% sucrose PBS at 4°C. Other sections were flash frozen in liquid nitrogen and stored at Ϫ80°C until RNA extraction. Fat pad (mesenteric, epididymal, and retroperitoneal) weight was measured, and adiposity was calculated as the sum of fat pads/body weight ϫ 100.
Barrier function assessment. Gut tissue was opened along the mesenteric border and mounted in Ussing chambers (Physiologic Instruments, San Diego, CA), exposing 0.5 cm 2 of tissue surface area Table 1 . Primers used for quantitative RT-PCR
GCAATTCCGTATCGTTGGATTT CGGTTGTATGCTGGAGTGAT
Real-time PCR primers were designed using Integrated DNA Technologies Primer Quest and Oligo Analyzer tools. Values are means Ϯ SE. Two-way ANOVA (P values displayed for diet, time, and interaction), followed by Bonferroni's post hoc test, *P Ͻ 0.05 or ***P Ͻ 0.001, significant difference; n ϭ 18/group (A and B) n ϭ 6/group (C and D).
to 2.5 ml of oxygenated Krebs-glucose (10 mM) and Krebs-mannitol (10 mM) at 37°C on the serosal and luminal sides, respectively. The paracellular pathway and transcellular pathway were measured as the flux of FITC-4000 (FD-4; Sigma-Aldrich) and horseradish peroxidase (HRP Type II; Sigma Aldrich), respectively. FD-4 (400 g/ml) and HRP (200 g/ml) were added to the mucosal chamber, and samples were collected from the serosal chamber every 15 min for 2 h. Histology. Cryostat sections of fixed ileum and cecum (5 m) were stained with hematoxylin and eosin or periodic acid-Schiff-alcian blue (53) and examined under a light microscope (Nikon ECLIPSE E400; Nikon Instruments) equipped with image analysis software (NISElements AR3.0 software; Nikon Instruments). Villi length and crypt depth were measured in 15-20 well-oriented crypt-villus units in the ileum and cecum. Goblet cells were counted in 10 -15 well-oriented cecal crypts.
Fat analysis. Quantity of fat within the contents of the cecal lumen was determined by the Folch method using chloroform and methanol (2:1 m vol/vol) (17) .
RNA extraction and quantitative RT-PCR. Total RNA from ileal and cecal samples was extracted via the TRIzol method (15596018; Life Technologies). Quality of RNA was assessed via Agilent 2100 Bioanalyzer. Total RNA (2 ug) was used for reverse transcription producing cDNA, performed according to manufacturer protocol (High Capacity Complementary DNA Reverse Transcription Kit; Applied Biosystems). Primer sequences can be found in Table 1 . Real-time PCR was performed with the StepOnePlus real-time PCR machine using SyberGreen master mix (Life Technologies) for detection. RPS18 and HPRT1 were used as housekeeping genes; genes of interest were analyzed according to the 2 Ϫ⌬CT method, comparing to week 1 control samples.
Microbiota DNA extraction and sequencing. DNA was extracted from ileal and cecum luminal contents using the Zymo Research fecal DNA mini prep kit according to the manufacturer's protocol (cat. no. D6010; Zymo Research, Irvine, CA). Quantification of DNA was performed on a Quibit Fluorometer (Life Technologies). Amplification was performed on the V4 region of the 16S rRNA genes via PCR as recommended by the Earth Microbiome Project (19) . Briefly, an Illumina Nextera adapter, barcode, primer pad, and primer linker were added to each primer: F515 (5=-GTGCCAGCMGCCGCGGTAA-3=) and R806 (5=-GGACTACHVGGGTWTCTAAT-3=) (8) . High throughput sequencing was performed with Illumina MiSEQ paired end 250 basepair runs at the University of California Davis Genomic Sequencing Center.
Microbioal bioinformatic analysis. Quantitative Insights Into Microbial Ecology (QIIME, version 1.7) (7) software was used for demultiplexing and quality filtering. Operational taxonomic unit (OTU) picking was performed using an open reference workflow script with Greengenes 97 (version 13_5) for taxonomy assignment at 97% similarity (31) . Principle Coordinate analysis taxa summaries using unweighted UniFrac and alpha rarefaction plots were created through QIIME. Multivariable statistical analysis was performed in the LEfSe package (42) with default parameters. First, cladograms were created comparing how diet significantly changed genera abundance independent of time in the ileum and cecum. Second, individual genera abundance were plotted into four groups: Chow, HF Wk1, HF Wk3, and HF Wk6.
Statistical analysis. Statistical analysis was performed on GraphPad Prism software (v5; San Diego, CA), and data are expressed as means Ϯ SE. Data were analyzed using two-way ANOVA testing diet, time, and diet ϫ time factors, with Bonferroni post hoc tests. P Ͻ 0.05 was considered significant. Principal component analysis (PCA) of parameters significantly changed due to HF diet and microbiota abundances was performed on R software via FactoMineR. For this later analysis, bacterial genus that had an average abundance of Ͻ0.4% in the highest detectable group was discarded. Description of categories analysis established the most significant factors for each cluster (23) . Only data with statistical values |v.test| Ͼ2.6 are presented in the tables. One rat fed a control diet was excluded from the PCA analysis because of a significantly different microbiota than all other rats. Finally, linear correlations between selected parameters were measured via Pearson's R coefficient on GraphPad Prism. 
RESULTS

Ingestion of a HF diet results in obese phenotype.
Body weight was higher in HF compared with chow-fed rats after 1 wk and remained significantly higher at 3 and 6 wk of HF feeding (Fig. 1A) . Rats fed a HF diet ate significantly more kilocalories per day at weeks 1 and 2 but ate comparable amounts of energy at weeks 3 to 6 compared with chow-fed rats (Fig. 1B) . Adiposity index increased progressively over time in HF-fed rats, reaching 54% greater adiposity compared with chow-fed controls at week 6 (Fig. 1C) . Ingestion of a HF diet resulted in increased plasma levels of LBP at weeks 3 and 6 compared with chow-fed controls (Fig. 1D) .
Effect of HF diet on the intestine. Intestinal barrier function in the small (jejunum and ileum) and large intestine (cecum and proximal colon) was evaluated ex vivo at each time point (Fig. 2) . HF diet significantly increased paracellular permeability in both the small and large intestine (Fig. 2, A and C) . In the ileum, the increase in paracellular permeability was significant after week 1 of the HF diet but returned to control values at weeks 3 and 6 ( Fig. 2A ).
There was no significant difference in the transcellular flux in the small intestine between HF and chow-fed rats at any time point (Fig. 2B) . In contrast, in the large intestine (cecum and colon), there was a progressive and sustained increase in transcellular flux in HF compared with chow-fed rats. Transcellular flux was significantly increased at week 3 and 6 in rats ingesting the HF diet compared with chow-fed controls (Fig. 2D) .
Gross measurements of colon length and histological measurement of ileal and cecal morphology revealed significant effects of HF diet on the intestine (Table 2) . Colon length, cecal weight, cecal and ileal crypt depth, and the number of goblet cells per cecal crypt were decreased after week 1 and remained low in rats fed a HF diet compared with chow-fed controls ( Table 2 ). Villi length in the ileum was not affected by a HF diet. Cecal fat content was increased at week 1 and remained elevated at weeks 3 and 6 ( Table 2) .
Differential gene expression analysis showed that there were more changes in the ileum than cecum in response to ingestion of a HF diet. HF diet significantly lowered anti-inflammatory cytokine IL-10 expression in the ileum at week 1 (Table 3) . Proinflammatory cytokine expression (IL-1␤) in the ileum was increased in HF-fed rats and was significantly higher in week 6 compared with week 1 (P Ͻ 0.05). ZO1 (tight junction protein) expression was increased at week 3 in the ileum, and caveolin-1 (endocytosis protein) expression was increased in both the ileum and cecum at all time points. Muc2, MCP1, TNF-␣, and CCR2 expression was not significantly different due to HF diet (Table 3) .
Regional differences in the gut microbiota. An initial analysis was performed to determine the difference in microbiota based on region. Unweighted UniFrac analysis showed distinct communities in the ileum compared with the cecum (Fig. 3A) . Alpha rarefaction analysis showed that the cecum contained a more diverse microbiota than the ileum (data not shown). There were differences in the abundance of phyla between cecum and ileum; of the two most abundant phyla in the cecum, Bacteroidetes and Firmicutes, the cecum had significantly higher abundance of Bacteroidetes than the ileum, while the ileum had significantly more Firmicutes (Fig. 3B) . Of the less abundant phyla, the cecum contained significantly more Tenericutes than the ileum, while the ileum contained significantly more Actinobacteria, Proteobacteria, Cyanobacteria, and Thermi than the cecum (Fig. 3B) .
Effect of HF diet on gut microbiota. A second analysis was performed to determine the difference in microbiota based on region and diet, independently of the duration of time on a HF diet. Communities clustered within the PCA plot dependent on diet; chow-fed rats had a more diverse microbiota than HF-fed rats (Fig. 3A) . At the kingdom and phylum level, the changes in bacterial abundance due to diet were similar in the cecum and ileum. Kingdom Archea was decreased and the ratio of 
.2] (F).
Abundance of bacterial genera across time in chow-fed animals did not differ significantly; therefore, time points were combined. LEfSe LDA score Ͼ3 was considered significant.
Firmicutes to Bacteroidetes was increased in both regions in HF compared with chow-fed rats (Fig. 3C , data not shown). However, there were two significant differences at the phylum level between regions due to diet; Deferribacteres significantly increased in the cecum but not the ileum of HF-fed rats and Cyanobacteria (from chloroplasts in ingested plant material) was significantly greater in the ileum, but not the cecum, of chow-fed rats (Fig. 3C) . At the genus level significant changes in abundance were seen in rats fed a HF diet. Thirteen percent of all bacterial genera detected in the ileum was significantly changed in abundance by diet; the majority (57%) of differences were within the phylum Firmicutes. For example, the most abundant genus in chow-fed rats was an unclassified genus of the Clostridiaceae family (30%), while the most abundant genus in HF-fed rats was Lactococcus (32%) (Fig. 3C) . The only other genus that was significantly greater in abundance due to a HF diet in the ileum was Corynebacterium (Fig. 3C ).
Changes in abundance at the genus level in response to HF diet were significantly larger in the cecum than the ileum (22% of the total genera detected); the majority (47%) of changes were within the Bacteroidetes phylum. Specifically, the most abundant genus in chow-fed animals was Prevotella (22.5%), while the most abundant genus in HF-fed rats was Bacteroides (15%). There was also an increase abundance of genus within the phylum Proteobacteria (unclassified RF32 and family Desulfovibrionaceae) and within the Clostridiales order (family Clostrideacea and RC4_4) in HF compared with chow-fed rats (Fig. 3C) .
Effect of HF diet on bacterial genera in relation with time. A third analysis was performed taking into account the duration of time on a HF diet. Microbiota from rats on the chow diet showed no significant changes with time (data not shown); therefore, these data were combined and compared with the microbiota of rats fed HF diet for 1, 3, and 6 wk.
The changes in abundance with time can be described in three different patterns (Fig. 4 and Table 4 ): 1) reduced or increased at week 1 on HF diet and remaining at these levels at weeks 3 and 6 (e.g., Prevotella and Bacteroides; Fig. 4, A and  B) ; 2) abundance increased or decreased after 1 wk on HF diet but restored to that of chow-fed rats at weeks 3 and 6 (e.g., an unclassified genus in the family Lachnospiraceae and Oscillospira of the order Clostridiales; Fig. 4, C and D) ; and 3) abundance increased (e.g., an unclassified genus in the order Bacteroidales,) or decreased (e.g., Blautia) progressively with time on HF diet (Fig. 4, E and F) .
Multivariate analysis of response to HF diet. Multivariate analysis was used to provide a statistical link between the phenotype and microbiota data: obese phenotype, gut barrier function, cytokine gene expression, and bacterial abundance. The data showed that each rat was more similar to rats in the same diet group than other diet groups, clustering together in a PCA plot (Fig. 5) . Chow-fed rats clustered due to parameters that exhibited rapid and sustained changes in HF-fed animals, regardless of time on HF diet, cecum weight, Methanosphaera, and Prevotella (Tables 5 and 6 ). Rats fed a HF diet for 1 wk clustered due to increased paracellular flux in the ileum and bacteria abundance shifts in the Clostridia class. Rats fed a HF diet for 3 and 6 wk clustered together in the PCA analysis yet still show distinct populations on the graph (Fig. 5C) . Specifically, rats fed the HF diet for 3 or 6 wk were described by obesity measures (increased adiposity, body weight, LPS binding protein, and IL-1␤), increased transcellular flux in the large intestine (cecum and colon), and bacteria abundances that change progressively over time, for example, Blautia (Tables 5  and 6 ).
We determined the correlation between all the parameters and microbiota. Oscillospira (within the Clostridia class) in the ileum significantly correlated with small intestine paracellular permeability (R ϭ 0.56, P ϭ 0.0059). IL-1␤ expression in the ileum was significantly correlated with adiposity and body weight (R ϭ 0.65, P Ͻ 0.0001; R ϭ 0.71, P Ͻ 0.0001 respectively) but not ileal barrier function. Butyricimonas and an unclassified genus in the cecum (both within the Bacteroidales order) were significantly correlated to the cecal transcellular flux (R ϭ 0.48, P ϭ 0.043; R ϭ 0.56, P ϭ 0.015, respectively). Further analysis showed that the large intestine transcellular pathway, but not the paracellular pathway, was highly correlated with adiposity, body weight, and LPS binding protein (R ϭ 0.66, P Ͻ 0.0001; R ϭ 0.56, P ϭ 0.0007; R ϭ 0.44, P ϭ 0.011, respectively).
DISCUSSION
There is considerable evidence to support a role for an interaction between the gut epithelium and the microbiota in obesity; however, the precise nature of this interaction and how these changes may drive hyperphagia are not understood. In the current study, we sought to gain insight by describing the early onset, time-dependent, and region-specific changes in the gut microbiota and correlating these with alterations in gut Dimension 2 (12.22%) Fig. 5 . PCA chow-fed animals (A), rats fed HF diet for 1 wk (B), and rats fed HF diet 3 or 6 wk (C) clustered, yet still show distinct populations. Only bacteria genera with an average abundance Ͼ0.4% was taken into account. epithelial function and the obese phenotype in rodent HF diet-induced obesity. The data show that within the first week of ingestion of a HF diet, there was a significant increase in paracellular permeability in the small intestine, which was accompanied by a decrease in expression of IL-10; genera in the class Clostridia significantly correlated with these early onset changes. In contrast, transcellular flux increased in the large intestine and at time points later than week 1. These changes correlated significantly with genera in the order Bacteriodales and coincided with increased adiposity, body weight, and plasma levels of LBP, together with increased expression of IL-1␤ in the ileum. The data show that changes in the intestinal epithelium and gut microbiota are dynamic and dependent on intestinal region and duration of ingestion of HF diet. Taken together, the data show specific changes in microbial ecology occur in different regions of the gut in response to a HF diet and that these changes are associated with altered gut physiological and metabolic changes in the host. Changes in gut barrier function in obesity are of considerable interest to gain insight into how HF diets may alter the gut innervation and change feeding behavior. Here we show that a HF diet differentially influences barrier function of the small and large intestine. The increase in paracellular permeability in both the small and large intestine is consistent with other studies (6, 36) , but our data are the first to show how early this occurs and, moreover, that in the small intestine, it returns to control levels after 3 wk of HF diet. We show tight junction protein ZO1 gene expression is significantly higher after 3 wk on a HF diet in the ileum, which may be a part of a compensatory mechanism to restore paracellular permeability. The only significant change in bacterial abundance in the ileum to significantly correlate with paracellular permeability was a decrease in genus Oscillospira, within the order Clostridiales. The abundance of this genus negatively correlates with BMI in humans (48) and decreases in abundance in sheep after a switch from forage to grain-containing diets (27) . It is possible that the lower amounts of fiber in the HF diet compared with chow, rather than the increase in fat content, could cause a decrease in Oscillospira. We used a chow control rather than a low-fat, semipurified diet to more accurately mimic the differences in a normal diet and a HF, low-fiber diet that reflects that associated with human obesity. The abundance of many other genera within the Clostridia class changed significantly in the cecum after 1 wk of a HF diet; how these changes influence intestinal barrier function is unclear and warrants further investigation.
The transcellular pathway allows larger molecules to cross the epithelium through endocytosis (22) . Many microbial components, including LPS, are larger than the pore size of tight junctions (4 Å) (50) , thus leading to the hypothesis that the transcellular pathway is involved in metabolic endotoxemia and systemic inflammation seen in obesity. However, there is only one report looking at changes in transcellular flux in obesity, showing an increase in the small intestine in ob/ob mice; the large intestine was not studied (4) . In the present study, we found that plasma levels of LBP, which binds LPS and other bacterial pathogen-associated molecular patterns (PAMPs) (13) , significantly correlated with transcellular flux in the large intestine. Studies have shown that fat differentially increases LPS translocation via chylomicrons (18, 30) . The lipid raft protein caveolin-1 has been shown to be involved in fat absorption (45); here we show that cav-1 gene expression and the amount of fat in the cecum are increased after 1 wk and remain elevated. However, transcellular flux in the large intestine was not increased at week 1; thus it is unlikely that the amount of fat explains the increase in the transcellular pathway. Further investigation is needed to show how a HF diet and the gut microbiota may influence transcellular flux and increased passage of LPS across the intestine.
Several groups have characterized the microbiota of obese individuals and changes in gut microbiota of HF-fed rodents; however, we are the first to utilize next-generation sequencing to assess the microbiota in different regions of the gut over time in a model of HF diet-induced obesity. Using the algorithm created by the Huttenhower laboratory to determine significance of changes in bacterial abundance (42), we report similar changes as others in response to long-term ingestion of a HF diet and in cross-sectional studies in obese subjects (10, 12, 24, 38) ; however, we are the first to characterize the small intestinal bacterial signature due to a HF diet and highlight discrepancies with other previous findings. One major difference in the present study is that we report a decrease in the abundance in the Archaea kingdom. Turnbaugh et al. (49) have reported an increase in Archaea in ob/ob mice and hypothesized that that the microbiota have a greater ability to harvest energy from diets compared with lean counterparts. Our data show that Archaea and plant polysaccharides-degrading Prevotella (21) decrease in abundance within 1 wk on a HF diet in both the small and large intestine. The HF diet used was both high in fat and low in fiber; thus we hypothesize that the abundance of these genus are a result of the high fiber content in chow.
There is conflicting evidence regarding the relative abundance of the genus Akkermansia in obesity and whether it may be beneficial in obesity and metabolic disease. In the current study, there is an increase in abundance of Akkermansia when animals are ingesting a HF diet. In studies involving animal models of gastric bypass (26) , ob/ob mice (15), or diet-induced obese mice (44) , Akkermansia has lower abundance in the diseased state. Individuals with type 2 diabetes have higher abundance of Akkermansia compared with nondiabetic controls (37) . This genus is a mucin-degrader; it has been shown that a HF diet leads to a decrease in mucus thickness, which can be restored by gavage of Akkermansia (15) . Our data show that the number of goblet cells/crypt in the cecum is decreased after a week, concurrent with a decrease in crypt depth, even though there is an increase in Akkermansia in the large intestine after 6 wk. Further research is needed to identify why the abundance of this bacteria is connected to obesity and metabolic syndrome.
Interestingly, genera within the order Bacteroidales (Gramnegative bacteria) increase in relative abundance progressively and have significant positive correlation with the increase in transcellular flux in the large intestine and the onset of the obese phenotype. These changes also correlate with increase in plasma levels of LBP, likely reflecting an increase in plasma LPS derived from both cecal and colonic bacteria; although the composition of the latter was not measured in the current study, unpublished data from our group would suggest there are similar changes between cecum and colonic microbiota in response to a HF diet. The family Bacteroidaceae is the most extensively studied and has been shown to be both beneficial to the host but also to contain pathogenic genera (52) . Our data show an increase in abundance of the genus Butyricimonas, a butyrate-producing bacteria. Butyricimonas, along with other genera in the Bacteroidales order, are also increased in rats after dextran sulfate sodium-induced colitis (41). Butyrate is a major source for energy for colonocytes (21) , which suggests that there may be host-microbe communication that promotes growth of bacteria that will help restore the epithelial barrier in times of challenge and inflammation, such as ingestion of HF diet or colitis.
The role of intestinal inflammation with obesity associated systemic inflammation and gut barrier function is unclear. Gut inflammation measured with myeloperoxidase, a neutrophil marker, is increased in rats after 12 wk on a HF diet (12) , and proinflammatory cytokine (TNF-␣) expression in the ileum has been shown to be positively correlated to adiposity, becoming significantly increased compared with controls after 6 wk in mice on a HF diet (14) . Here we also show a positive correlation between proinflammatory cytokine expression in the ileum (IL-1␤) and adiposity. However, we also show that a decrease in anti-inflammatory gene expression (IL-10) precedes the increase in the proinflammatory cytokine expression. IL-10 knockout mice have increased intestinal permeability before the onset of microbiota-induced gut inflammation (29) . Innoculating rodents with Clostridum increases expression of IL-10 from colonic immune cells (1) , and IL-10 exposure of intestinal epithelial cells in culture will maintain tight junctions in the presence of inflammatory insult (28) . Thus the decreased in IL-10 in the ileum may be causative of the increase in paracellular permeability; whether the lack of Oscillospira (within the order Clostridiales) in the ileum after 1 wk on a HF diet is the cause of decreased IL-10 requires further investigation but is a reasonable hypothesis.
In conclusion, we have demonstrated by ex vivo determination of gut barrier function and next-generation sequencing analysis of microbiota that the response to a HF diet in rodents differs in a time-and region-dependent manner. How the early onset changes in the small intestine and the later onset changes in the large intestine contribute to the altered gut-brain pathway and increase in food intake and adiposity requires further investigation. We have identified IL-10 and Oscillospira in the ileum, and increase in transcellular flux in the large intestine, as possible targets. It is possible that different mechanisms and pathways can now be delineated that result in the onset and/or maintenance of the obese phenotype.
